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We explore the possibility of a fourth generation in the gauge-coupling-unied,
minimal supersymmetric (MSSM) framework. We nd that a sequential fourth
generation (with a heavy neutrino 
0









) Yukawa unication is relaxed. For the
theory to remain perturbative up to M
U
, the new leptonic generation must lie




must have masses within the reach of the
Tevatron. For example, for m
t













< 156GeV. Experiments at Fermilab are already sensitive to the latter
mass regions; we comment on direct b
0






of new CDF data. Discovery may involve novel decay signatures; however, CDF
and LEP-II will conrm or exclude an MSSM fourth generation in the near future.
1. Introduction
The minimal supersymmetric model (MSSM) prediction of gauge-coupling uni-
cation consistent with experiment
[1]
makes it the most successful approach for re-
lating physics at the unication scale, M
U
, to physics below a TeV, and has led to
many detailed investigations of Yukawa and superparticle phenomenology within
the MSSM context.
[2;3]
In this paper we return to an old question that has not
been re-examined using the most recent experimental constraints and theoretical
inputs. Namely: how much room (if any) is there to add a fourth generation to
the \MSSM-plus-unication" framework?
y
Indeed, aside from occasional studies
[4]
and experimental searches, broad interest in a possible fourth generation ended
abruptly when Mark II and detectors at LEP found that only three light neutrinos
are allowed.
[5]
To provide non-zero mass for the fourth generation 
0
in the mini-




and its corresponding supereld.
? Permanent Address.















z We note that in the minimal SU (5) model, adding a 
R
would lead to a Dirac mass that








Previous works have argued against the inclusion of a fourth generation in
the MSSM context on the basis of rather specic assumptions and/or approxima-











) = 1 (as motivated primarily by the minimal SU(5) GUT
theory
x
), inclusion of a fourth generation in the Standard Model (SM) or the MSSM
spoils the good (given the uncertainty in m
b
[7]






the absence of a fourth generation. Other early studies excluding a fourth genera-
tion employed specic parameter choices (often in conjunction with imposing exact
Yukawa unication) that limited m
t
to low values (20GeV < m
t
< 120GeV). For
example, Bjorkman and Jones
[8]
assumed tan  = 1, whereas larger values of tan 
must be chosen to allow for a heavier top-quark. We nd that if tan  > 1 is
allowed and R
b=
= 1 is relaxed (as motivated below), then there is still signicant
room for a fourth generation
{












) is motivated by recent theoretical work in-
dicating that Yukawa unication at M
U
is not necessarily expected given possibly





may be no symmetry (global and/or local) in the model at M
U
which leads to an
exact equality among the Yukawa couplings; this latter is the case for several can-
didate supergravity theories (e.g. ipped SU(5)
[10]
) and for mild extensions of the
minimal SU(5) model.

The shift in focus to large top-quark masses, aside from requiring that tan  > 1
be considered, has led many authors to promote the naturalness of infrared `xed-
point' solutions to the RG equations,
[12]
for which a large range of top Yukawa-
coupling (
t
) values evolves down to a narrow range of large values at the weak
scale; a close correlation between tan  and m
t
arises. We will discuss whether or
not such approximate `xed-point' behavior for some or all of the quark Yukawas
of the extra generation can be realized.
Our study has immediate experimental relevance. The requirement that all









masses. These are such that the question of an MSSM fourth generation may be
settled in the next few years by searches at the Tevatron for an appropriate set of









production for masses up to the maximum allowed.
x By `minimal' we mean the standard SU (5) 5;

5;24 Higgs representation content.
{ More than four generations are clearly excluded. N
g
> 4 in the MSSM results in loss of
asymptotic freedom for SU (3) color, and inability to evolve perturbatively to a point of
gauge-coupling unication; see Bjorkman and Jones, Ref. [8].
 For example, R
b=




2. The Renormalization Group Equations and Procedure

For a sequential fourth generation model with the addition of a gauge singlet

R






) are independent of the number














does aect Yukawa coupling unication at one loop. In order
to accommodate a massive 
0



























is the Higgs doublet supereld whose
neutral scalar component gives mass to up-type quarks and (now) the 
0
. The RG
equations obtained in the absence of the 
0
[13]
are modied by: i) the RGE for the
fourth generation neutrino y

0
; and ii) the additional y

0
terms which appear in














=4. More explicitly, for














; i = xed ; (1)










































6 1 0 3 0 3 0
1 6 3 0 3 0 3
0 1 4 0 1 0 1
3 0 0 6 1 3 0
0 3 3 1 6 0 3
1 0 0 1 0 4 1































































=2, all of the





0:25. As a result, the Yukawas only remain perturbative during evolution up
to M
U















nd that tan  must be
<

3 in order to avoid singular Yukawa coupling behavior;
 We assume that the third and fourth generations are unmixed, but later comment briey
on the (small) eects of allowing arbitrary mixing.
3
large tan  solutions are not possible when a fourth generation is included. When





















Eq. 1 are the most susceptible to singular \Landau-pole" behavior since there is
no large, negative gluon (
3
) term in their -functions to control the growth driven
by the large, positive Yukawa terms. Only when m
t






the LEP lower bound of  m
Z
=2 (see Sec. 4) do other Yukawas rst go non-




Yukawas feed one another's growth, and all

















in evolving up to M
U
.











in Eq. 1, this common fourth-generation down-sector (Higgs








) yielding a result identical to the three
generation case. Nonetheless, the presence of a fourth generation tends to drive
m
b
to unacceptably high values if R
b=
= 1 is required.
[8]
To see why, rst recall
that quark to lepton Yukawa ratios that are of O(1) at M
U
evolve to values that
are larger than one as one runs down to the weak scale (and below) due to the
negative 
3
terms that are present in the quark Yukawa RGE's but absent from





= 3 because gauge unication yields larger 
U


























, but cannot compensate
for the 
3



















0 = 1 for
suciently small tan . In any case, as motivated in the introduction, we shall not





3. Two-Loop RG Equation Results
At two-loop order, the RG equations in both the gauge and Yukawa sectors
are fully coupled. For this study, two-loop Yukawa RG equations are used, but
in the gauge sector only the two-loop mutual gauge couplings are retained. (The
two-loop Yukawa eects on the gauge sector are small and will be commented upon
shortly.) Further, we assume that the SUSY mass scale and m
Z
are the same, so
that there is no intermediate decoupling of SUSY partner elds. Gauge-coupling





















































A bound of 
f
< 3 is imposed in
order to guarantee perturbative validity for the RGE's as dened by a modest
ratio of two-loop to one-loop eects.
[15]













) that are consistent with the RGE's and the perturbative bounds. An
? Unless otherwise noted, all masses referred to in the following are the running mass m(m).
4















= 4:6GeV, and m
t
= 160GeV. (All masses are m(m) running
masses.) The perturbatively disallowed region is dotted. Within the allowed








) as labelled. Results for tan  = 1:5 and 2:2 are shown. The
dash-dot lines in the tan  = 2:2 window are contours of  = 0:002, 0:004 and
0:006 (in order of decreasing restrictiveness). The two-loop Yukawa corrections
discussed for Table 1 were evaluated at the points marked by the 's.


















are intrinsically the most susceptible to















are near their lower bound of
 m
Z


















= 50GeV, and examine the region of perturbatively






plane for various values of tan.











For tan  = 1:5








120   125GeV, as




) allowed in Refs. [9,10] range from 4.45 to 4.9 GeV.

























































































that goes non-perturbative at all boundary points.
The heavy neutrino eects, included here for the rst time in this type of study,
typically lower the m
t
0
upper limit by about 5GeV for given input values for m
t
,
tan  and m

0













0) to rise by 3  5% (20  30%) compared to the massless neutrino case.
Thus, the 
0
couplings do not change the qualitative picture, but they are certainly
not negligible.
{
















two-loop Yukawa eects in the gauge sector for the selected points





= 50GeV and m
t
= 160GeV).





































(95,95) (GeV) 0.97 0.95 0.91 1.08 1.05
(140,70) (GeV) 0.96 0.94 0.91 1.11 1.06
Table 1 indicates the eects of including two-loop Yukawa terms in the gauge-
coupling RGE's at the points marked by 's in Fig. 1. Since 
3
is decreased,






0 are increased by
up to 10%.





















































= 50GeV (as in Fig. 1),
Fig. 2a shows that non-perturbative values for all the 
i







3. The LEP bounds on the fourth generation are crucial in arriving
at this very restrictive limit of tan 
<





60, is only attained in the phenomenologically disallowed limit where all




{ We have solved the one-loop RG equations for the case of arbitrary 3 4 generation mixing,
and nd eects on the boundaries and the values of R
b=
at only the few percent level.
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as a function of

















= 50 or 75GeV (as indicated by the numbers in





















= 45GeV. The solid













(sparsely dotted) curves show (on the right-hand y-axis) the value of tan  at
which these respective maximal values are attained.
fourth-generation masses |and, hence, Yukawas | can be simultaneously near
zero, leaving only the N
g







































Of course, the allowed solution regions vary with m
t














45GeV and scanning in tan  as in Fig. 2a), and the tan  values at which they
are attained, are plotted in Fig. 2b as a function of m
t





) for which there is a consistent perturbative solution to the gauge-
coupling and Yukawa RGE's is m
t











simultaneously forced to the imposed 45 GeV LEP limit and the tan values at











































> 45GeV. The results for m
t







= 90:7, 86:1, 79:0, 67:9, 45:0GeV, respectively. These maxima are
achieved at tan  = 1:26, 1:37, 1:56, 1:94 and 3:02, respectively.
Finally, let us discuss whether or not some or all of the Yukawa couplings are
naturally near their xed-point (dened by zero derivative) at scale m
Z
. In the
case of three generations, requiring R
b=




) = 4:25GeV) implied
that m
t
was close to its (tan -dependent) xed-point value at m
Z
, and evolved to




This connection between xed-point behavior and Yukawa
unication is modied for four generations. We have already noted that R
b=
< 1























values within the perturbative domain can


































= 162:2, 126.3, 118GeV.
y
The corner of
the tan  = 1:5;m
t












0 are all near
maximal is very close to the tan  = 1:5 xed-point solution. For still smaller tan ,




0  1 and somewhat larger R
b=
. For example, for tan  = 1:2
and m
t






















contrast, for tan 
>





0 or approach xed-




0 value implies a 
b
0





















0 are as large as perturbatively allowed at a given








will all be as close to m
Z
-scale xed-point values
as perturbatively possible | however, the xed point lies increasingly beyond the
perturbative domain as tan  is increased (which forces 

0
to reach its perturbative




while other Yukawas are still small).







=2 on any new sequential fermion, quark or lepton, that
has been set at LEP
[16]
is the rmest experimental constraint on the fourth gener-
ation masses. A full analysis of constraints on the masses of fourth family quarks







cannot be at a xed point at scale m
Z
since all fourth-generation Yukawas must
be large (due to LEP and other lower bounds on the associated masses) and since there is
no large 
3


















































corner of the m
t
= 160GeV parameter






yields S  2=3, a shift comparable to that obtained by changing
the Higgs mass from 100 GeV to 1 TeV in the SM. However, because the MSSM





direct experimental constraints from the Tevatron can be much more signicant,












. Constraints on the b
0
depend greatly
upon the manner in which it decays. If the b
0
has signicant mixing with the
2nd or 1st generation then b
0
! c; u +W (where the W may be real or virtual)
decays will be dominant. The published CDF collaboration data
[18]
limits the
mass of a b
0
that decays primarily to a c (u) quark: m
b
0
> 85GeV at 95% C.L.,
using the same e +X nal state search that excluded the t in this mass range.
Their latest data
[19]
in the dilepton channel probably can be used to increase this
limit. However, if unmixed with lower generations, the b
0
will decay via avor-
changing neutral current (FCNC) channels: b
0

















These decays yield distinctly dierent
signatures than the lepton-plus-jet signatures of charged current decays that are















b yields a signicant rate for 2jet+2 nal
states. Also present, and at a higher rate such that one might be able to aord to
b-tag, would be  + 3jet nal states. Present CDF data in combination with the





























events for L = 19:3 pb
 1
in








. Interestingly, in Ref. [19] it
is stated that there is a slight excess of Z's (in association with a tagged b) that is









































production and decay process is especially
interesting, giving a complex set of possible nal states with six and eight jets.











are close to the lower bound m
Z
=2 and are ignorable for our purposes.
{ In the following experimental constraint discussion, the masses referred to should be thought
of as pole masses.
 We temporarily ignore the decays b
0
! hb (where h is the light MSSM Higgs boson) that
would dominate if allowed.
[20]
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Table 2: For L = 19:3 pb
 1




events passing our approximations to the CDF top-quark
discovery cuts in the single lepton+b-tag and dilepton modes.











(GeV) 50 80 110 130 50 80 110 130
160 2.8 2.2 0.5 0.2 0.7 0.5 0.06 0.004
130 7.3 2.8 0.07   1.2 0.3 0.0006  
100 7.9 0.5     0.8 0.003    
and decay events in the dilepton-plus-jets and lepton-plus-jets channels (keeping
only those nal states that do not contain any extra leptons or photons from the
b
0
decays), using the quoted CDF luminosity and approximating their cuts and
b-tagging procedures. Branching ratios of b
0
decays are estimated from Ref. [21].
A summary of the predicted event rates appears in Table 2.

The rates are not
inconsistent with the most recent CDF data, especially given that the latter show







events do not necessarily provide a natural explanation
for the excess; they contain signicantly more jets and yield (following the CDF
procedure) signicantly lower reconstructed `top' mass values. A thorough \second
top" study by the CDF group would be most interesting.













' 110   120GeV. Again, if b
0
! c; u and t
0
! b; s; d are










along with a rather
low mass system of W -decay products. The b
0
would then decay preferentially to
Z+light quark, giving a dilepton signal that would probably have been detected.
The above discussions would be altered should the light, neutral Higgs boson
(h) of the MSSM have mass less than m
b
0
, since then b
0
! hb decays would cer-
tainly (most probably) be dominant for m
b
0







possibility of losing signals such as the above-noted dilepton channel cannot be
discounted. Although at tree-level m
h
is small at the small tan  values allowed in
the presence of a fourth generation, the latter can add substantially to the radiative
corrections from the top/stop sector (depending upon superpartner masses).









. Experimental constraints in this case depend on how the t
0
decays.
We regard it as quite likely that 3rd{4th generation mixing will be large enough
that the t
0












regions allowed by the MSSM RGE's) has
 For comparison, at m
t
= 170GeV, we obtain an uncut tt cross section of 4 pb. Of the  80
events predicted for L = 19:2 pb
 1
, roughly 4 events pass our single-lepton plus b-tag cuts,
and 0.8 events pass our dilepton cuts.
10
been excluded by the normal t-quark searches. However, constraints could be much





! cX) FCNC variety. For further details, see Ref. [24].
5. Conclusions.
In summary, our analysis has demonstrated that there is still room to add
a fourth generation in the gauge-unied MSSM without violating perturbative











are unconstrained at M
U
. In terms of running masses, if
m
t




masses cannot lie above 86GeV, and






are near the the LEP lower bound of m
Z
=2.











170GeV | maximal m
t
0







, i.e.  m
Z





 160   170GeV are possible for





. Although our Monte Carlo study shows that
these mass values could give rise to extra \top-like events", there is no immediate
conict with the current CDF top signal analysis. However, more data will greatly
increase the constraints. For m
t















is small enough that the W








so that the b
0
decays mainly to Higgs boson plus b quark. This latter case is also
























































, a scenario that would have




decays are unexpectedly suppressed.
To \tighten the noose" on the fourth generation, a variety of theoretical and
experimental questions should be pursued. For example, how is electroweak sym-
metry breaking aected, and how do detailed ts of precision electroweak data
change when N
g
= 4? We believe that our study has shown that these questions
are of considerable theoretical and experimental interest, and should be explored
further.
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